Abstract-This paper considers the use of massive multiple input, multiple output (MIMO) combined with single-carrier with frequency-domain equalization (SC-FDE) modulations using a precoding approach. Although millimeter wave (mmWave) communications are expected to be a key part of 5G, these frequencies present considerable challenges due to high propagation free-space path losses and implementation difficulties. For this reason, it is desirable to have broadband mm-Wave communications with good power and spectral efficiencies that are compatible with high efficiency amplification. In this paper we propose a massive MIMO (m-MIMO) architecture for broadband mm-Wave communications using precoding approach. We consider three different types of precoding algorithms: Zero Forcing Transmitter (ZFT), Maximum Ratio Transmitter (MRT), and Equal Gain Combiner (EGT). The advantage of both MRT and EGT relies on avoiding the computation of pseudo-inverse of matrices. Their performance of MRT and EGT can be very close to the matched filter bound just after a few iterations of a new proposed interference cancellation, even when the number of receive antennas is not very high.
INTRODUCTION
Massive MIMO schemes involving several tens or even hundreds of antenna elements are expected to be central technologies for 5G systems [1] . To avoid implementation complexity, massive MIMO schemes should have low complexity, namely by using simple techniques to separate data streams that avoid matrix inversions inherent to conventional MIMO receivers. 5G (Fifth Generation) systems are supposed to have much higher capacity and spectral efficiency requirements than current systems, and many techniques are independently emerging for these systems [2] . mm-Wave communications are expected to be a crucial part of 5G systems due to their increased channel coherence bandwidth, as compared to centimeter Wave, and there are already some standards like 802.11ad [3] . These systems use carrier frequencies above 30 GHz where we have large unoccupied bandwidth (there are proposals for several bands in the vicinity of 40GHz, 60Ghz, 70GHz, or even above [4] , [5] ). However, mm-Wave transmission has important problems like high free-space path losses, very small diffraction effects, huge losses due to obstacles and implementation difficulties, namely with the power amplification [6] . On the other hand, the small wavelength means that we can have small antennas and small-sized antenna aggregates with a large number of elements, facilitating the deployment of m-MIMO schemes [4] . Moreover, the high reflection effects can be used to improve coverage [6] . By taking advantage of these characteristics, we can design mm-Wave communications with capacities several orders magnitude above current wireless systems. In fact, mm-Wave systems can take full advantage of techniques like small cells networks (pico or femto) and m-MIMO schemes. By combining small cells with m-MIMO systems we can have large gains to cope with propagation losses and/or accommodate a large number of co-channel users, with high frequency reuse [2] . As with other wireless systems, mm-Wave communications should have high power and improved spectral efficiencies, which are conflicting requirements. In general, high spectral efficiency means using large constellations and strictly band-limited signals, which have high power requirements and the inherent high peak-to-average power ratio (PAPR) leads to low amplification efficiency [7] . Block transmission techniques, with appropriate cyclic prefixes and employing FDE techniques (FrequencyDomain Equalization), have been shown to be suitable for high data rate transmission over severely time-dispersive channels [7] . OFDM (Orthogonal Frequency Division Multiplexing) is the most popular modulation based on this technique. Single Carrier (SC) modulation using FDE is an alternative approach based on this principle. As with OFDM, the data blocks are preceded by a cyclic prefix, long enough to cope with the overall channel length. Due to the lower envelope fluctuations of the transmitted signals (and, implicitly lower PAPR), SC-FDE schemes are especially interesting when a low-complexity and efficient power amplification is required [7] . A promising Iterative Block -Decision Feedback Equalization technique (IB-DFE) for SC-FDE was proposed in [8] and extended to other diversity [9] and spatial multiplexing scenarios [10] , [11] . These IB-DFE receivers can be regarded as iterative DFE receivers where the feedforward and the feedback operations are implemented in the frequency domain offering much better performance than non-iterative methods [8] , [9] , [10] . IB-DFE receiver can also be regarded as turbo equalization schemes [11] , [12] that are implemented in the frequency-domain [13] .
A disadvantage of the precoding using the ZFT algorithm relies on the need to compute the pseudo-inverse channel matrix, for each frequency component. In this paper, we avoid this by implementing the m-MIMO using a precoding based on MRT and EGT. Since these algorithms originate a certain level of interference, we include an interference cancellation process, whose design is based on the IB-DFE receiver, which makes these algorithms performing very close to ZFT.
In this paper we propose an m-MIMO architecture using an efficient precoding using broadband mm-Wave communications that can employ highly efficient, low-cost saturated amplifiers. This paper is organized as follows: section II describes the system characterization associated to generic SC-FDE signals. Section III considered the transmitter structure for the proposed m-MIMO using precoding and section IV considers the interference cancellation for MRT and EGT, included in the receiver. Finally, section V analysis the performance results and section VI concludes the paper.
II. SYSTEM CHARACTERIZATION ASSOCIATED TO GENERIC SC-FDE SIGNALS
We consider block transmission schemes and the transmitted block has the form
with S T denoting the symbol duration, G N denoting the number of samples at the cyclic prefix and transmitted, where n x is the nth data symbol, selected from a given constellation (e.g., a QPSK constellation) under an appropriate mapping rule (it is assumed that n N n
Assuming that the cyclic prefix is longer than the overall channel impulse response of each channel, the frequencydomain block after the FDE block (i.e., the DFT of the received time-domain block, after removing the cyclic prefix) is
where
denotes the channel frequency response for the kth subcarrier (the channel is assumed invariant in the frame) and k N is the frequency-domain block channel noise for that subcarrier. At the output of the FDE we have the samples
We assume the frame structure with N subcarriers per block and T N time-domain blocks, each one corresponding to an "FFT block". Assuming the conventional linear FDE for SC schemes, the post-processing comes,
In addition, we define
eq k N denotes the equivalent noise for detection purposes, with
The post-processing for OFDM signals is the same as defined in (4) but without multiplying by the
III. TRANSMITTER STRUCTURE FOR THE PROPOSED MASSIVE MIMO USING PRECODING
We consider the multi-user massive MIMO scenario depicted in Figure 1 which concerns the transmission between an emitter with T antennas and a receiver with R antennas. This system can be employed between a Base Station (BS) and a Mobile Terminal (MT) with R receive antennas, to send multiple streams of data. In either case consider that T≫R. Finally, this system can also be applied between two MTs, or in the uplink scenario, but it is required that the MT has enough processing to implement the precoding, which is not problematic with the precoding based on MRT and EGT. Without loss of generality, in the signal description we assume the downlink direction. The channels between each transmit and receive antenna are assumed to be highly selective in the frequency domain, requiring powerful equalization schemes. For this reason, SC-FDE modulations are employed. The BS has a block of N data symbols ( ) ; 0,1,..., { } 1 r n x n N = − to send, which are subject to precoding first. The received block at the r th MT is
As with other SC-FDE schemes, a cyclic prefix longer than the maximum overall channel impulse response is appended to each transmitted block and removed at the receiver. In this case, the corresponding frequency-domain block
where k H denotes the R T × channel matrix for the kth frequency, with ( )
H
. T refers to the number of transmit antennas and R denotes the number of receive antennas. Considering a precoding approach, the transmitted symbols
where k B denotes the T R × precoding matrix, and the data
. The precoding matrix k B can be computed using different algorithms. 1. Using the zero forcing transmitter (ZFT) 1 algorithm k B comes:
2. Using the MRT algorithm k B comes:
where T stands for the number of transmit antennas. 3. Using the EGT algorithm k B comes:
A disadvantage of the MRT and EGT relating to ZFT relies on the generated interference, which degrades the performance. In order to improve the performance, we consider an iterative receiver.
1 ZFT refers to the ZF algorithm implemented as precoding at the transmitter side.
A. Interference Cancellation using Precoding
Let us consider the frequency domain estimated data
. Since the precoding approach considers the processing at the transmitter side, the detector computes the data symbols obtained from the IDFT of the block
Note that, in the precoding case, it does not need to perform the equalization process, as defined as (4). The estimated bits are obtained by applying the sign function to (11), depending on the modulation scheme.
In the case of ZF precoding (that is, ZFT), since interference is not generated, this detection tends to perform well. However, this involves the inversion of a matrix for each frequency component, and the dimensions of these matrices can be very high in massive MIMO systems. Massive MIMO schemes should usually employ simpler receivers. The simplest approach is probably to perform the MRT or EGT. This can be performed either at the receiver or at transmitter side. This paper considers the processing at the transmitter side, i.e, a precoding approach is employed. This take advantage of the fact that, for massive MIMO systems with T≫1 with small correlation between the channels between different transmit and receive antennas, the elements outside the main diagonal of H B . However, the residual interference levels can still be substantial, especially for moderate values of / T R . To overcome this problem, we propose the iterative interference canceller (receiver) depicted in Figure 1b , where
The interference cancellation matrix k C comes defined by
where I is an R R × identity matrix. This interference canceller is implemented using 0 1 ,...,
, with k X denoting the frequencydomain average values conditioned to the FDE output for the previous iteration [14] .
Before defining k X , let us define the LLRs (Log Likelihood Ratios) of the "in-phase bit" and the "quadrature bit", associated to 
2
respectively, with
σ is almost independent of l for large values of N, provided that k H remains constant for the frame duration). The conditional average values associated with the data symbols are given by
For the first iteration there is no information about the transmitted symbols and 0 k = X . This means that our receiver can be regarded as a simple SC-FDE receiver with an interference cancellation, performed in the frequency domain, of the signals associated to different receiver antennas, while the MRT or EGT processing is performed at the transmitter side (precoding approach). For the subsequent iterations we employ the average values conditioned to the receiver output at the previous iteration to remove the residual intersymbol interference and inter user interference. In general, for moderate-to-high signal-to-noise ratio, the average values conditioned to the receiver output approach the transmitted signals as we increase the number of iterations, which means that the interference cancellation performed by k C becomes more effective and the performance improves. Moreover, since the average values conditioned to the receiver output can be regarded as soft decisions [14] , this reduces significantly error propagation effects in our iterative receiver (in fact, we did not observe error propagation effects).
IV. PERFORMANCE RESULTS
In this section we present a set of performance results concerning the proposed m-MIMO scheme optimized for mm-wave associated to SC-FDE signals. We consider Bit Error Rate (BER) performances, which are expressed as a function of N is the one-sided power spectral density of the noise and b E is the energy of the transmitted bits (i.e., the degradation due to the useless power spent on the cyclic prefix is not included). Each block has N = 256 symbols selected from a QPSK constellation under a Gray mapping rule (similar results were observed for other values of N, provided that N >> 1).
Our channel has 16 equal power paths with uncorrelated Rayleigh fading. The channel is assumed to be invariant during the block. The duration of the useful part of the blocks (N symbols) is 1μs and the cyclic prefix has duration 0.125μs. For SC-FDE systems we considered the linear FDE (i.e., just the first iteration of the interference canceller) up to four iterations of the interference canceller. Beyond this number, the performance improvement was almost negligible. Linear power amplification is considered at the transmitter and perfect synchronization is assumed at the receiver. Figure 2 considers BER results for massive MIMO with 32 transmit antennas and 8 receive antennas (32x8). The three proposed algorithms are plotted (ZFT, MRT and EGT). Moreover, the matched filter bound is also plotted. Figure 2 considers results with and without interference cancellation. In the case without interference cancellation, a regular SC-FDE receiver is considered (that is, a linear FDE receiver). Moreover, when interference cancellation is adopted, an iterative receiver is adopted. From Figure 2 it is shown that the ZFT achieves a performance very close to the Matched Filter Bound (MFB). It is worth noting that the receiver employed with the ZFT is a regular SC-FDE receiver, without interference cancellation, because the ZFT algorithm does not generate interference. Note that, as opposed to the Zero Forcing (ZF) receiver (post-processing approach), the ZFT precoding (pre-processing) does not generate noise enhancement, because when the processing is applied, the noise does not exist. As previously described, a disadvantage of the ZF algorithm (both ZFT and ZF receiver) relies on the need to compute the pseudo-inverse of the channel matrix, for each frequency component. To simplify this process, we proposed the use of the MRT and EGT, with the disadvantage of generating a certain level of interference. Figure 2 shows results for 2 up to 4 iterations of the interference cancellation associated to MRT and EGT. Results with more than 4 iterations are not shown because the performance keeps approximately unchanged, as compared to 4 iterations. It is shown that, with 4 iterations of the interference cancellation, the performance obtained with the MRT approximates that of the ZFT and MFB. Moreover, with 4 iterations of the interference cancellation, the MRT algorithm tends to achieve a performance slightly better than that of the EGT. Figure 3 considers BER results for massive MIMO with 64 transmit antennas and 8 receive antennas (64x8). As compared to the previous graphic, we have increased the number of transmit antennas, while leaving the number of receive antennas unchanged. As can be seen from the results, with such increase of transmit antennas, the performance obtained with both MRT and EGT with 4 iterations of the interference cancellation becomes closer to the ZFT and MFB. Figure 5 shows the BER results for the massive MIMO with 32 transmit antennas and 2 receive antennas (32x2). As compared to Figure 2 (32x8) , we have reduced the number of receive antennas, which leads to a performance improvement because the level of interference decreases. Note that the level of interference increases with the number of receive antennas. As expected, it is noticeable that the performance obtained with MRT with 4 iterations of interference cancellation is very close to the MFB and ZFT, even with only 32 transmit antennas. Figure 6 shows the performance comparison for massive MIMO with different number of transmit and receive antennas, considering the ZFT. Moreover the MRT and EGT is plotted always with 4 iterations of the interference cancellation, because this represents a signal clear enough of interference (see previous figures). As can be seen, for a certain number of receive antennas, the increase of transmit antennas leads to performance improvement. This is visible when we move from 32X8 into 128X8 configuration. Moreover, the increase of receive antennas corresponds to a decrease of performance, due to the raise in the level of interference. This is visible when we move from 32X2 into 32X8 configuration. Finally, it is noticeable that the performance obtained with the ZFT is very insensitive to variations in the number of transmit and receive antennas, but this is obtained at the cost of a high level of computation associated to the precoding (computation of the pseudoinverse of a matrix, for each frequency). V. CONCLUSIONS
In this paper we considered the massive MIMO using precoding with different algorithms for mm-Wave. It was viewed that the ZFT achieves a performance very close to the MFB. It was described that a disadvantage of the ZF algorithm relies on the need to compute the pseudo-inverse of the channel matrix, for each frequency component. To avoid this and simplify this process, we have proposed the use of the MRT and EGT precoding algorithms, with the disadvantage of generating a certain level of interference.
To remove this interference, we have proposed a novel iterative interference canceller. It was shown that implementing the MRT and EGT precoding algorithm for m-MIMO with mm-Wave, associated to the interference cancellation, we avoid the computation of the pseudoinverse matrix, and therefore simplify the precoding processing, while achieving a performance very close to the ZFT and MFB. Moreover, it was viewed that the MRT tends to achieve a performance slightly better than that of EGT.
